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Highlights 
 PACS (PCR-Activated Cell Sorting) for enrichment of phage-associated bacteria 
 Ultrahigh-throughput, cultivation-independent, microfluidic  technique 
 Phage digital PCR without lysis step can quantitate phage virions accurately 
 
Abstract 
Characterizing virus-host relationships is critical for understanding the impact of a virus on an ecosystem, but is challenging with 
existing techniques, particularly for uncultivable species. We present a general, cultivation-free approach for identifying phage-
associated bacterial cells. Using PCR-activated cell sorting, we interrogate millions of individual bacteria for the presence of specific 
phage nucleic acids. If the nucleic acids are present, the bacteria are recovered via sorting and their genomes analyzed. This allows 
targeted recovery of all possible host species in a diverse population associated with a specific phage, and can be easily targeted to 
identify the hosts of different phages by modifying the PCR primers used for detection. Moreover, this technique allows quantification 
of free phage particles, as benchmarked against the “gold standard” of virus enumeration, the plaque assay. 
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Introduction 
 
Viruses substantially impact the health and dynamics of all 
communities, from causing disease in individuals to 
influencing global biogeochemical cycles(Bohannan and 
Lenski, 2000; Suttle, 2005). Cyanophages, for example, play 
an important role in oceanic carbon fixation, since a core 
photosynthetic protein is of phage origin(Hurwitz et al., 2013; 
Thompson et al., 2011). Moreover, there are an astronomical 
number of viruses in the biosphere(Suttle, 2005), but it is 
unclear what hosts the vast majority of these viruses infect. 
Studying the impact of environmental viruses necessitates 
methods for characterizing virus-host interactions. However, 
the challenges involved in growing heretofore “uncultivable” 
bacteria means that many of these potential hosts and their 
viruses cannot be studied  in isolation  (Rappé and 
Giovannoni, 2003; Vartoukian et al., 2010).  
Next generation sequencing (NGS) is a powerful, culture-
independent method for studying virus-host interactions in 
diverse populations(Dhillon and Li, 2015; Labonté et al., 
2015; Reyes et al., 2012; Roux et al., 2014). In this approach, 
metagenomic sequences are interrogated for molecular traces 
left by the viruses co-occurring with host genes such as small 
subunit ribosomal DNA sequences. These viral traces are 
often resistance-conferring, such as CRISPR-associated 
sequences(Andersson and Banfield, 2008; Weinberger et al., 
2012). Identifying virus-host relationships using NGS is only 
possible, however, if such traces are identifiable. Moreover, 
even when they occur, these sequences are rare, making their 
identification challenging. Single cell genomics of 
uncultivated organisms is another powerful method for 
identifying virus-host pairs(Labonté et al., 2015; Roux et al., 
2014). In one study, 127 single amplified genomes (SAGs) 
from a known clade of uncultivated organisms were screened 
for viruses and 69 new virus clades were found(Roux et al., 
2014). In another study, bioinformatic analysis of 58 SAGs 
allowed identification of 30 new virus genomes(Labonté et al., 
2015). To isolate these organisms for SAG analysis, 
fluorescence-activated cell sorting (FACS) sorts individual 
cells into wells based on non-specific dyes or scattering 
properties; once in the wells, the cells can be identified with 
PCR or other sequence analysis. This limits throughput to 
identification of just hundreds of cells, making it challenging 
to identify the hosts of rare viruses. A higher-throughput 
method for detecting infected cells is PhageFISH 
(Fluorescence In Situ Hybridization) which allows phage hosts 
to be separated based on virus infection by staining infected 
hosts with fluorescent probes complimentary to virus 
sequences(Allers et al., 2013). PhageFISH is potentially high 
throughput since millions of hosts can be stained in parallel 
and sorted at >10,000 per second with FACS. However, probe 
hybridization is performed in the complex milieu of a fixed 
cell, necessitating substantial assay optimization extremely 
challenging with uncultivable organisms. Viral tagging, on the 
other hand, uses fluorescently labeled viruses to isolate cells 
that they are associated with by flow cytometry(Deng et al., 
2012) or for identifying new viruses that infect specific 
hosts(Deng et al., 2014).  .  
A powerful, cultivation-free method for identifying 
specific phage hosts is single-cell PCR in individual 
microfluidic chambers(Tadmor et al., 2011). In this approach, 
TaqMan PCR interrogates individual microbes for phage 
sequences such that, if the sequences are present, a fluorescent 
signal is produced. This allows identification and recovery of 
phage-associated microbial genomes by interrogating positive 
chambers. Because this method uses PCR, which yields 
exponential amplification when phage sequences are present, 
the signal difference between phage-associated and phage-free 
genomes is large, permitting unambiguous identification. 
Moreover, harsh PCR thermocycling facilitates bacterial lysis 
and enhances access of hybridization primers to their targets, 
reducing false-negatives. The principal limitation of this 
method is that it lacks scalability, enabling interrogation of 
just thousands of bacteria; this limits its utility for studying 
most environments, comprising billions of microbes per 
milliliter(Dang and Sullivan, 2014). To allow comprehensive 
characterization of phage-host relationships, an optimal 
method would be applicable to uncultivable species, capable 
of analyzing millions of microbes, and enable the specific 
recovery of the genomes of all bacteria infected with the target 
phage. 
In this paper, we present a general method for identifying 
phage-host relationships applicable to uncultivable organisms; 
the method combines the scalability of FACS with the 
generality and precision of single-cell PCR. Using PCR-
activated cell sorting (PACS) we sort bacteria based on 
infection by specific phages (Eastburn et al., 2014; Lim et al., 
2015a). Besides applying PACS to phage sequences in 
infected bacteria, we also show in this paper that certain 
bacteriophage viral particles can be directly quantified via 
droplet-based PCR. This is accomplished by isolating 
individual bacteria from a heterogeneous population in water-
in-oil droplets and performing PCR in each droplet with 
primers specific to the target phage genome (Fig. 1). If the 
phage is present in- or bound to- the host, the PCR produces a 
fluorescent signal, allowing the host bacterial and phage 
genomes to be recovered by sorting the fluorescent droplets. 
The sorted genomes can then be analyzed to identify the host 
species. Importantly, the PCR performed in the droplets is 
used only as a means of identifying whether the phage is 
present with the bacteria; the material that is recovered and 
sequenced is not amplified and, thus, does not need to be 
known in order to be recovered and sequenced.  
PACS has a number of advantages over other methods for 
characterizing phage-host relationships: It does not require 
that the target bacteria or phage be cultivable. It is ultrahigh-
throughput, allowing millions of individual microbial genomes 
to be sorted based on phage association, permitting detection 
of bacteria infected with rare phages. The TaqMan assay can 
be multiplexed using probes of different color allowing, for 
example, identification of specific micobes in a sample 
containing multiple, specific phage sequences, such as co-
infection by distinct phages. The sorting can be easily re-
targeted against different species by modifying the PCR 
primers, while maintaining highly specific sorting. This 
requires minimal optimization, and as a direct comparison to 
antibody-based methods of cell identification, does not require 
access to microbial antigens. PACS is particularly applicable 
to the identification of putative hosts for phages whose 
sequences have been identified in metagenomic studies. In a 
recent study attempting to computationally connect viruses to 
their hosts, metagenomic viral sequences were associated with 
pathogenic species like Fusobacterium and Leptotrichia that 
had heretofore not been associated with any viruses(Paez-
Espino et al., 2016). Our method can build on similar known 
short assembled segments of phage sequences to design 
primers that target specific hosts.  
 
Materials and methods 
2.1 Preparation of bacteriophages, plaque assays and bacterial 
hosts. 
Bacteriophage T4 (T4), bacteriophage ФX174 (ФX174), and 
E.coli hosts were obtained from Carolina Biological Supply. 
T4 was propagated by infection of E.coli B (ATCC 11303) 
(Karam, 1994)  and ФX174 by infection of E.coli C (ATCC 
13706). Bacteriophage lambda (lambda cI857ts) was obtained 
from the lambda lysogen E.coli strain KL470 provided by R. 
Raghavan. Bacteriophage lambda was propagated by infection 
of E.coli C600 (Carolina) and plaques formed as previously 
described(Arber et al., 1983).  A lambda lysogen of lambda 
cI857ts in E.coli C was prepared(Arber et al., 1983) and 
purified by two rounds of single colony isolation on LB agar. 
We use a derivative of E.coli strain BW25113, containing 
mCherry as an uninfected control(Lim et al., 2015b). Titers of 
T4, ФX174 and lambda were determined with plaque assays 
as previously described (Hafenstein and Fane, 2002) . 
Bacteriophage-containing lysates were separated from cellular 
debris by 5 minutes of centrifugation at 3000g, filtered 
through 0.2 µm filters (Sartorius, Minisart) and preserved with 
a single drop of chloroform in the preparation. 
 
2.4  Microfabrication of devices 
 
 
Figure 1. Microfluidic workflow for PACS-based viral detection and host sorting. Virus-infected hosts are first encapsulated with PCR reagent, 
primers and probe in picoliter-volume droplets, then thermocycled to yield fluorescent drops. These drops contain targeted genomes of viruses 
and their hosts, which are then sorted to yield a purified population of DNA. This material can be used for downstream sequencing analysis in this 
case qPCR, but any sequence analysis is possible. 
The microfluidic chips are fabricated using standard soft 
lithography techniques in poly(dimethylsiloxane) (PDMS)(Xia 
and Whitesides, 1998). To fabricate a device master from 
which the PDMS replicates are molded, SU-8 photoresist 
(MicroChem) is spun onto a 3” silicon wafer at a thickness of 
25 µm, and exposed to UV light from a UV photodiode 
(ThorLabs) through a UV-absorbent Mylar mask containing 
an inverse-image of the microfluidic chip (Fineline Imaging). 
The wafer is baked at 95oC on a hotplate for 1 minute, and 
developed in propylene glycol monomethyl ether acetate 
(PGMEA) to remove uncrosslinked resist, followed by post-
baking in accordance with the manufacturer’s instructions. 
PDMS polymer and crosslinker is combined at a ratio of 11:1, 
poured over the master, degassed to remove trapped air 
bubbles, and baked at 75oC for 4 hours to crosslink the device. 
The device is peeled from the master and holes are punched 
using a 0.75 mm biopsy coring needle. The punched device is 
washed with isopropyl alcohol and patted with scotch tape to 
remove debris prior to plasma bonding to a glass slide. To 
render the channels hydrophobic for water-in-oil 
emulsification, AquapelTM is flushed into the channels, after 
which the device is baked in an oven for 20 min at 65oC.  
 
2.5 Sample encapsulation and droplet PCR 
Prior to encapsulation, bacterial suspensions are washed three 
times by centrifugation at 3000g and the pellets are re-
suspended in distilled water. Phage suspensions are 
encapsulated without washing. The viral or bacterial 
suspensions are mixed with the appropriate primers, TaqMan 
probes, and PCR mix (2X ddPCR MasterMix, Bio-Rad). The 
primers and TaqMan probes are used at 1 µM and 250 nM, 
respectively (Primers and probes are listed in Supplemental 
Table 1). Droplet loading is assumed to follow Poisson 
statistics (Mazutis et al., 2013a). For the experiments where 
two strains of bacteria are mixed, E. coli C and BW25113, the 
bacteria are first measured for their optical density at OD600  
,and then mixed in appropriate volumes, so that their final 
concentration ratio was 1:9 or 1:999, corresponding to a spike-
 
Figure 2. A) Digital detection of phage particles after droplet 
PCR. Bacteriophages T4 and ФX174 virions are partitioned into 
droplets for TaqMan PCR detection. Scale bars are 100µm.  B) 
Plaque assay results closely mimic digital viral particle 
quantitation, suggesting that phage genomes are accurately 
measured with this new method. Error bars represent the 
standard deviation of 3 technical replicates. 
 
in ratio of E. coli C: E coli BW25113 of 10% and 0.1% 
respectively. The mix is loaded into an upright 1 ml syringe 
pre-filled with 200 µl HFE-7500 fluorinated oil (3M), 
connected to a PDMS flow-focus droplet generator (Supp. 
Data S3) through a 21 gauge needle and polyethylene tubing. 
Droplet generation oil for probes (Bio-Rad) is introduced into 
the carrier-phase inlet of the microfluidic device through 
another syringe and tube; the oil comes with a proprietary 
surfactant included to stabilize the generated droplets during 
the heating and cooling steps of PCR. Using computer-
controlled syringe pumps, the aqueous phase is injected at 200 
µlhr-1 and the oil at 400 µlhr-1 (New Era), generating 25 µm 
diameter droplets at ~3.6 kHz in a droplet maker with nozzle 
20 µm wide and 25 m tall. The emulsion is collected into 200 
µl PCR tubes and thermocycled on a T100 thermocycler (Bio-
Rad), using the following conditions:  10 min. at 95oC, 35 
cycles of 10 s. at 95oC, 15 s. at 55oC and 30 s. at 70oC. To 
verify specificity of the PCR, the emulsions are chemically 
ruptured with chloroform and DI water and the aqueous 
fractions electrophoresed on a 2% agarose gel to confirm 
amplicon length. 
 
2.6 Detection and sorting of droplets 
After thermocycling the emulsions, the droplets must be sorted 
based on fluorescence. This is accomplished by loading the 
thermocycled emulsions into a syringe with 200 µl HFE-7500, 
maintaining the syringe vertically so that the needle faces up, 
and allowing the emulsion to cream for ~10 min; this ensures 
the droplets are at the top of the emulsion before the syringe 
pump is started so that they flow into the device at a controlled 
rate and closely packed. The droplets are injected into the 
detection and sorting device (Fig. S3)(Agresti et al., 2010; 
Eastburn et al., 2014; Lim et al., 2015a; Mazutis et al., 2013b) 
at a flow rate of 50 µlhr-1, with spacer oil flow rate 1000 µlhr-
1. The flow rate for the second oil spacer at the sorting 
junction is set to 100 µlhr-1. All droplet spacing is performed 
with pure HFE-7500. All electrodes on the device, including 
the sorting electrode and moat shielding the droplets from 
stray field, are filled with 2M NaCl solution(Sciambi and 
Abate, 2015a, 2014). A 100 mW, 532 nm laser is focused 
upstream of the sorting junction to excite droplet fluorescence. 
Photomultiplier tubes (PMTs) focused on the same spot 
measure emitted light and output a voltage proportional to the 
light intensity to a computer outfitted with an FPGA card 
(National Instruments) programmed in LabVIEW. The card 
detects droplets as peaks in fluorescence over time and, when 
a droplet is to be sorted, outputs a 40 kHz, signal amplified to 
1000 V (Trek) applied to the salt-water electrodes on the 
microfluidic chip. Custom LabVIEW software (available on 
request) allows adjustment of PMT gain, droplet fluorescence 
intensity thresholds for sorting, and electrode AC voltage 
pulse frequency and magnitude (Supplementary Data S4). An 
image of the optical setup can be found in the Supplementary 
Data (S5). 
 
2.7 Quantitative PCR analysis of sorted droplets 
Genomic material from sorted droplets is recovered by 
rupturing the droplets via addition of 100 µl chloroform 
together with 50 µl DI water and vortexing for 10 min(Lim et 
al., 2015a). To measure the degree of enrichment from PACS, 
we probe for specific genomic regions in both E. coli strains 
(BW25113 and C) before and after sorting.  For E. coli C, we 
use primers specific to PRP (Primer Names: E coli C FWD & 
REV), a gene in that strain but not in E. coli BW25113. For E. 
coli BW25113, the strain has an integrated ybgF-mCherry 
cassette, and primers specific to mCherry are used (Primer 
Names: E Coli BW25113 FWD & REV). All primer 
sequences are listed in Supplementary Table 1. To assess 
primer specificity, the primers for E. coli BW25113 and C are 
tested against each other’s target templates; we observe no 
background amplification by qPCR or interrogating amplified 
products with gel electrophoresis. The primers are tested for 
linearity by constructing a serial dilution for each over a factor 
of one hundred thousand for the target template. qPCR 
measurements of genomic material yield cross-threshold (Ct) 
values corresponding to the number of PCR cycles needed for 
fluorescence levels to exceed a threshold. We obtain two Ct 
values for pre- and post-sorted samples, and compute an 
enrichment factor. The amplification reagent for all the qPCR 
measurements is Maxima SYBR Green Master Mix (Thermo 
Scientific).  
 
Results 
 
3.1 PACS workflow for identifying virus-host relationships 
To enable the ultrahigh-throughput sorting of microbes based 
on the presence of phage nucleic acids, we use PACS, a 
droplet-based microfluidic technology (Eastburn et al., 2014; 
Lim et al., 2015a). In PACS, picoliter-volume aqueous 
droplets are used as reactors in which to perform TaqMan 
PCR on single bacteria. Using flow-focus 
emulsification(Christopher and Anna, 2007; Nie et al., 2008; 
Tran et al., 2013), individual phage or bacteria from a 
heterogeneous sample are isolated in ~107 droplets with PCR 
reagents and probes targeting specific phage genes (Fig. 1). At 
a loading rate of ~0.1 bacterial cells per droplet, we interrogate 
106 cells. At that loading ratio, we can use Poisson statistics to 
determine at over 95% of droplets that are filled contain a 
single cell. After all bacterial cells are encapsulated, the 
emulsion is thermocycled, performing 106 parallel single-cell 
PCR reactions, as illustrated in Fig. 1. During thermocycling, 
 
 
Figure 3. A) Digital detection of lambda particles and B) pre- and post- sorted drops containing lambda and its E. coli host. Digital detection of 
lambda using the probes and primers from Figure 3A. C) Time trace of fluorescent droplet detection. Droplets are run through a dielectrophoretic 
microfluidic sorter, and droplets above a set threshold are sorted and collected each peak represents a single droplet.  Inset figure shows a 
magnified view of the lone sorted event in the time period 0.015-0.025 seconds. All scale bars are 100µm. 
the bacteria lyse and their nucleic acids are subjected to 
TaqMan amplification. If a droplet contains the nucleic acids 
of a phage targeted by the probes, the nucleic acids are 
amplified, generating a fluorescent signal that fills the 
encapsulating droplet. This marks the droplet as containing a 
bacteria associated with the target virus, allowing the putative 
host cell nucleic acids to be recovered by sorting the droplet, 
as illustrated in Fig. 1.  
 
3.2 Specific detection and quantification of viral genomes 
from bacteriophage T4 and ФX174. 
Detecting cells associated with a specific virus depends on the 
ability to reliably and specifically amplify virus nucleic acids. 
To investigate the robustness of this step in the PACS process, 
we perform TaqMan PCR in microfluidic droplets on two 
distinct virus species, bacteriophage T4 (T4) and 
bacteriophage  ФX174  (ФX174). Pure preparations of the 
viruses are combined with PCR and TaqMan reagents 
immediately prior to microfluidic emulsification and 
thermocycling. After thermocycling, we observe clearly 
fluorescent droplets in a population of non-fluorescent 
droplets, as shown in Fig. 2A, indicating successful 
amplification of the viruses. In negative controls, we swap the 
TaqMan probes by including T4 probes in ФX174 
preparations and ФX174 probes in T4 preparations. Neither of 
these controls yield detectable fluorescent droplets, 
demonstrating that the probes are specific to their target virus. 
An important factor when using PACS to enrich 
bacterial cells from a heterogeneous sample is the rate of false 
negatives since this limits the number of positive events 
detected. To characterize the sensitivity of the method, we 
scan the emulsions created in the previous experiment using 
flow dropometry(Lim et al., 2015a), recording fluorescence 
values for ~30,000 individual droplets (Figs. S1,S2). Using the 
known droplet volumes and assuming phage encapsulation is 
governed by Poisson statistics(Huebner et al., 2007), we 
estimate phage concentrations in the starting samples and 
compare them to estimates from plaque assays, Fig. 2B. For 
bacteriophage T4, plaque assays on samples used for PACS 
yield 3.0 * 109 pfu/ml compared to the 3.1 * 109 particles/ml 
for PACS. For ФX174, the plaque assay yields 3.0 * 109 
pfu/ml versus 3.5 * 109 particles/ml for PACS. The estimates 
using both methods are in excellent agreement indicating that 
the PCR conditions are sufficient to efficiently lyse the viral 
particles. The slightly higher values estimated by PACS may 
reflect that some phage genomes are incorrectly packaged, 
mutated, or are in non-infectious particles. In addition to 
validating droplet PCR for PACS, this demonstrates that 
droplet digital PCR using this apparatus is an alternative 
approach for quantitating phage genomes in a sample. Our 
method of directly encapsulating phage particles for digital 
PCR circumvents the need to pre-lyse the virus before 
measurement which is needed for quantitative PCR 
protocols(Anderson et al., 2011; Refardt, 2012). 
 
3.3 Sorting E. coli infected with lambda bacteriophage. 
PACS enables the detection of bacterial cells 
associated with specific phages, including lysogens, and 
recovery of the host cell genomes. To illustrate this, we 
construct a test system comprising two E. coli strains: a 
lambda lysogenic C-strain, and an uninfected BW25113 strain. 
To validate the TaqMan probes, we analyze a sample of pure 
lambda virus in suspension and observe digital signals in 
droplets, indicating single-virion detection (Fig. 3A). We then 
spike E. coli C (lambda). into uninfected E. coli BW25113 in 
a ratio of 1:9, and wash the mixture to remove any free phage. 
We subject this sample to droplet PCR and again observe a 
digital signal corresponding to a small subpopulation of 
positive droplets which contain E. coli cells with the lambda 
genome, as shown in Fig. 3B. To verify that the digital 
fluorescence corresponds to droplets containing lambda 
genomes, we sort the emulsion to recover the positive 
droplets, which we accomplish using dielectrophoretic droplet 
sorting, Fig. 1(Agresti et al., 2010; Eastburn et al., 2014; Lim 
et al., 2015a; Mazutis et al., 2013b; Sciambi and Abate, 
2015a). Dielectrophoresis is a phenomenon in which a particle 
experiences polarization forces in a non-homogenous electric 
field (Pethig, 2010). The thermocycled emulsion is injected 
into the sorting device, which flows the droplets spaced by oil 
individually through the focused excitation laser. As a droplet 
passes through the laser, its fluorescence is excited and the 
resulting emitted light is measured with a photomultiplier tube 
 
 
Figure 4. qPCR detection of host genomes before and after droplet sorting based on the presence of lambda DNA. Each quadrant shows qPCR 
amplification curves for DNA extracted from drops before and after sorting. The shifts in the curves reflect the 2-fold change of the DNA 
quantity according to the specific primers being tested.  
 
(PMT), which outputs a voltage proportional to the 
fluorescence intensity analyzed by the computer and FPGA 
card. The droplets appear as peaks in voltage as a function of 
time, in which the amplitude of the peak is proportional to the 
droplet intensity, as shown in Fig. 3C. When a positive droplet 
passes through the laser, an abnormally tall peak is observed, 
as seen at t = 0.0185  seconds (Fig. 3C). Upon detection of a 
positive droplet, the computer outputs an alternating voltage 
amplified to ~1000 V applied to on-chip electrodes generating 
an attractive force that pulls the positive droplet into the 
collection channel(Agresti et al., 2010; Eastburn et al., 2014; 
Lim et al., 2015a). When a negative droplet passes through the 
laser the peak amplitude does not fall above the user-defined 
threshold; the electrode remains un-energized and the droplet 
flows passively into the waste channel. In this way, the droplet 
sorter separates the positive from the negative droplets. This 
method of sorting can separate drops at the rate of a couple of 
kilohertz, although modifications to the sorter design can 
further push sorting rates up to 30kHz(Sciambi and Abate, 
2015b).  
 
3.4 Enrichment of phage-infected E. coli genomes.  
Sorting the bacterial cells based on presence of lambda DNA 
should yield primarily E. coli C cells, since only this strain 
was infected by lambda. To quantify the enrichment for 
phage-infected cells afforded by PACS, we analyze the 
fraction of E. coli C DNA in the sorted population using 
qPCR. We perform a second sort in which we lower the 
concentration of lysogenic E. coli C(lambda) to 0.1%, while 
increasing uninfected E. coli BW25113 to 99.9%. Using 
PACS, we recover all TaqMan positive droplets and the 
nucleic acids from their cells. To measure the fraction of 
nucleic acids corresponding to E. coli C and E. coli BW25113, 
we perform qPCR on pre- and post-sorted samples using 
primers specific to the two strains; the results for both the 10% 
and 0.1% mixtures for both primer sets are provided in Fig. 4. 
The signal from E. coli BW25113 is strongly de-enriched in 
the PACS-sorted material, corresponding to curve shifts by 
~10 Ct values (Figure 4, upper panels). By contrast, the curves 
for E. coli C shift by a much smaller distance in the same 
direction, demonstrating that PACS for lambda virus nucleic 
acids enriches for these cells. To obtain a quantitative metric 
of enrichment, we define the enrichment factor as the ratio of 
host microbe purity in the pre-sorted to the post-sorted 
samples, 
 
, 
 
where Cpre and Cpost are the number of E. coli C cells present in 
the pre- and post-sorted samples, while Kpre and Kpost are the 
number of E.coli BW25113 present in the pre- and post-sorted 
samples, respectively. The relationships between Cpre and   
Cpost, together with Kpre and Kpost, can be determined via qPCR, 
which measures the log-2 fold change of gene copy numbers 
specific to either microbe, 
  
  and , 
 
where Δ  and Δ  are the differences between the qPCR 
cross-threshold values for E. coli C and BW25113, 
respectively. This is an estimation, since the actual rate of 
DNA amplification may be less than 2 per cycle. We know 
 and  because we begin with controlled numbers of 
each species before sorting, enabling us to define the ratio of 
the two species with respect to one another,  
 
, 
 
and to simplify the enrichment factor to, 
 
. 
 
For our initial sort,  (10% E. coli C to BW25113 ratio), 
we obtain 4.0 for  and 13.1 for  (Fig. 4.), yielding 
, indicating that the final sample is enriched to 98.4% 
for E. coli C from an initial concentration of 10%. For the 
0.1% spike-in, we obtain 3.0 for  and 9.9 for  (Fig. 
4.), providing , so that E. coli C is enriched by about a 
hundred times to 10.6% final concentration. Larger 
enrichment factors can be achieved by further diluting the 
sample prior to partitioning into droplets, which reduces the 
rate of co-encapsulation of the two species and false-positive 
recovery of off-target cells.  
 
 
Discussion 
 
When confronted with large, heterogeneous populations, cell 
sorting is invaluable because it allows subpopulations to be 
systematically isolated and studied. However, currently, 
specific cell sorting is only possible using affinity reagents, 
such as antibodies or oligomer probes that specifically bind to 
the cell type of interest (Mamanova et al., 2010; Turner et al., 
2009); such reagents are rarely available for uncultivable 
targets. Nonetheless, in many of these cases, sequence data, 
often partial, is available. In these instances, PACS is uniquely 
suited for specific cell sorting since it relies on PCR to 
differentiate between cells based on the presence of a specific 
nucleic acid sequence. In this application of PACS, this allows 
bacterial sorting based on the presence of a phage genome 
within or attached to the host cell (Fig. 4). We cannot 
differentiate between bound phage and infected hosts using 
techniques presented here as intact virions also provide 
positive PACS signals (Fig. 2), but a stripping step could be 
included in the PACS workflow, if only hosts with internal 
viruses are desired. However, previous studies have shown 
that labeled viruses associated with cells are usually infectious 
(Deng et al., 2011; 2014).  Clearly, full determination of 
phage-host interactions will require analysis of the specific 
phage-host pair and cultivation of both, but PACS allows 
identification of potential hosts in mixed systems, drastically 
narrowing the search for elusive hosts.    
In its current implementation, PACS differentiates 
between bacterial cells based on one sequence. However, 
since PACS relies on TaqMan assays, probes of different color 
can be used to interrogate multiple sequences 
simultaneously(Taly et al., 2013). This should enable multi-
parametric cell sorting similar to current FACS analysis with 
multiple antibodies. Multi-parametric cell-sorting could 
recover, for example, the genomes of all cells associated with 
specific variants of a virus, co-infection of different viral 
species, or the presence of specific host and virus sequences 
associated with the same cell. 
A limitation of the current system is that the lysis of 
the bacteria is achieved using the detergents present in the 
PCR reagents and the high temperature of PCR thermocycling, 
which may be insufficient for lysing some bacteria or viruses. 
To broaden the applicability of the method, harsher lysis 
procedures could be implemented that allow the inclusion of 
enzymes to digest cellular material. Such procedures can be 
implemented using recently described agarose emulsion and 
multi-step droplet merger workflows, which enable the 
digestion of cell lysates with proteases(Eastburn et al., 2014). 
Indeed, this is essential for reliably performing PACS on 
mammalian cells in sub-nanoliter droplets, since undigested 
mammalian cell lysates  can inhibit PCR(Eastburn et al., 
2014).  
PACS is founded on droplet-based microfluidic 
technologies whose intrinsic throughput is thousands of 
droplets per second(Tran et al., 2013). This enables facile and 
rapid sorting of millions of cells(Sciambi and Abate, 2015a). 
By implementing faster emulsification strategies using air-
bubble triggered droplet generation(Abate and Weitz, 2011) or 
sequential droplet splitting, and using double emulsion FACS 
for sorting(Lim and Abate, 2013), it should be possible to 
enhance the throughput of the system by another order of 
magnitude; this will further increase the number of microbes 
that can be sorted for identifying rare phage-host relationships, 
such as identifying the host of chimeric RNA-DNA virus 
genomes recently discovered in numerous ecosystems(Diemer 
and Stedman, 2012; Stedman, 2013). PACS could also be used 
for screening emerging pathogenic virus sequences to identify 
possible reservoir hosts.   
PACS paired with NGS can be a particularly potent 
tool for applications in microbiology and virology. PACS-
sorted lysates can be recovered and subjected to deep 
sequencing of cellular DNA and/or RNA, enabling correlation 
of specific viruses with host cell genomes and their expression 
patterns. Virus-based PACS can be used, for example, to study 
how viruses modulate host cell gene expression, or if certain 
host genetic variants are more susceptible to virus infection. 
The ability to sort millions of entities based on nucleic acids is 
valuable for sieving through complex cell populations to 
determine specific phage-host interactions. Current available  
metagenomic datasets can be mined for phage sequences for 
the design of virus-specific primers.. From a complex 
population, one could assay the sorted genomic material for 
host provenance by targeted 16S or whole-genome sequencing 
. In addition to sorting microbes based on infection by 
bacteriophage, PACS can be applied to the clinical setting 
such as the isolation of mammalian cells latently infected by 
HIV. By combining PACS with sequencing, the presence of a 
specific pathogen can be correlated with host cell properties, 
such as somatic mutations or gene expression. Such 
investigations would be valuable for studying how different 
pathogens manipulate their hosts. 
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